I. INTRODUCTION
Thermal runaway is a positive feedback phenomenon that occurs when a rise in system temperature leads to a further increase in temperature. Such behavior has been observed in many different contexts, including exothermic chemical reactions [1, 2] , nuclear fusion reactions [3, 4] , self-heating in semiconductors [5, 6] , thermal (phonon) conduction [7] [8] [9] [10] [11] , fluid boiling [12, 13] , and the greenhouse effect [14] . Here, we demonstrate and characterize the dynamics of thermal runaway in a radiative (photon) system. We show that thermal runaway is possible in a system where heat is dissipated from an emitter to the environment through far-field thermal radiation if the emitter exhibits a sufficient level of negative-differential emission (NDE)-decreasing emission with increasing temperature. A small increase in applied heat flux initiates strong NDE and results in a large change in temperature until NDE ceases and equilibrium is reestablished. We describe the necessary physical criteria to observe runaway (i.e., the required temperature coefficient of emittance) and its characteristic switching time. By minimizing the thermal mass of our emitters, we show that rapid (∼1 s) thermal * enwang@mit.edu switching is achievable, which is desirable for sensing applications.
In this work, runaway is enabled by the strong dependence of the optical properties of vanadium dioxide (VO 2 ) on temperature across its solid-solid phase transition, resulting in a temperature-dependent thermal emittance. VO 2 is a correlated-electron material that transitions from an insulator to a metal near room temperature (∼340 K) [15] [16] [17] . This transition is accompanied by a dramatic change in optical properties in the mid-infrared spectral range [16, [18] [19] [20] [21] [22] . For example, thin films of VO 2 on sapphire exhibit a strong modulation of emittance across the phase transition [23] . Related concepts to thermal runaway such as bistability [24] , thermal rectification [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , and thermal regulation or homeostasis [35] have been investigated in a variety of radiative systems. However, our work is the first experimental demonstration of thermal runaway in a radiative system. Thermal runaway, as demonstrated here, is also direct proof of the existence of broadband, hemispherical NDE in our geometry.
II. CRITERIA FOR NDE
In a situation in which thermal radiation is the only form of heat transfer, the heat flux, defined as the heat loss per unit area, is well described by the Stefan-Boltzmann law [36] ,
where Q is the radiative emissive power, T is the temperature, ε is the total spectrum-and angle-integrated emittance from a surface at a given T, and σ is the Stefan-Boltzmann constant. The criterion for NDE can be determined by differentiating Eq. (1),
For Q to decrease with increasing T, and hence for NDE to be possible in the far field, the temperature coefficient of emittance (TCE), defined as
must meet the following criteria:
The criterion for achieving NDE is less stringent at high temperatures. At lower temperatures, a higher value of TCE is required to observe NDE. For VO 2 , the phase transition occurs at ∼340 K. At this temperature, the TCE must be larger than ∼0.01 K −1 . We estimate that the TCE of demonstrated VO 2 -based emitters is as large as 0.05 K −1 [22] , making this material a good candidate to study NDE and thermal runaway. It should be noted, however, that NDE can only be observed in a radiative (photon) system if radiation is the dominant heattransfer mechanism, as discussed below.
III. EXPERIMENTAL DEMONSTRATION
We grew an epitaxial VO 2 film (150 nm thick) on a 0.5-mm-thick polished single-crystal c-plane sapphire substrate using rf-magnetron sputtering from a V 2 O 5 target (99.9% purity, AJA International Inc.). The substrate was held at 823 K during growth, with an rf-source-gun power of 125 W. Since the stoichiometry of VO 2 thin films is sensitive to the partial pressure of O 2 during the growth, the oxygen partial pressure was carefully tuned to optimize the resistivity change across the insulator-to-metal transition. In particular, we used a sputtering gas mixture composed of 99.50 sccm [cubic centimeters per minute at STP (standard temperature and pressure)] of Ar and 0.5 sccm of O 2 while keeping the chamber pressure at 10 mTorr. The deposited VO 2 films are epitaxial on c-plane sapphire with three orders of magnitude change in resistivity across the phase transition [37, 38] .
We designed a custom experiment to study how this sample behaves when a variable amount of radiative heat FIG. 1. (a) Steady-state heating and cooling characteristics of a thin-film VO 2 emitter structure, wherein the VO 2 film undergoes a temperature-driven insulator-to-metal transition. Note that the independent variable is the radiative heat flux (vertical axis). The thermal runaway is characterized by a ∼15 K jump in temperature, attributed to an abrupt reduction in the emittance of the surface. Also included is the calculated heat flux from a blackbody, for reference. Inset: Schematic of the emitting assembly, where the resistive heater is embedded between two slabs of sapphire, each coated with a VO 2 film on the outer surface. (b) Effective emittance of the assembly (i.e., the measured heat flux normalized by a theoretical blackbody).
flux is dissipated from its surface. The emitters were resistively heated with a heater sandwiched between two sapphire wafers. Thin-film VO 2 coats both polished external surfaces (Fig. 1 inset) . Thermal conduction through the thermocouple and electrical leads is assumed to be negligible compared to the radiative emission (<5%, see Heat Transfer Model for details). Therefore, we assume that the electrical power dissipated in the device results in thermal radiation either from the VO 2 film or from the sides of the assembly.
The sample-heater-sample assembly was placed into a vacuum chamber in view of an infrared-transparent viewport, which was used for visualization of the runaway process with an infrared camera (sensitive to the 3-5-µm spectral range). The chamber was evacuated to 0.1 Pa, such that the heat loss by conduction from the heated surface was much smaller than that of the thermal radiation.
Step changes in voltage were applied to the heater, and the time responses of the temperature and infrared signal were monitored. Data were recorded after an initial settling period, such that variations in the temperature measurement were within the uncertainty of the thermocouple (∼0.1 K). Figure 1 shows the results of the experiment during the heating and cooling cycles. In Fig. 1(a) , the sample temperature initially increases with electrical power delivered to the heater. However, at a heater power of ∼0.495 W (a total radiative heat flux of ∼330 W/m 2 ), the VO 2 film begins to change phase, resulting in NDE. Since the input power (i.e., dissipated power) remains constant, we observe thermal runaway until the structure reaches thermal equilibrium with VO 2 in its fully metallic state. The temperature increases by ∼15°C because of the reduction in emittance. Upon cooling, we observe the reverse process wherein reducing the heat flux induces a runaway transition back to the insulating phase; these data are also included in Figs. 1(a) and 1(b) , showing hysteresis between the heating and cooling cycle. The width of hysteresis can be controlled by modifying the microstructure of the thin films (such as the grain size and the defect concentration), as the nucleation energy which determines hysteresis depends on the microstructure of the thin films [39] .
Figure 1(b) shows the effective emittance (i.e., the radiative heat flux normalized to that of a blackbody) for the sandwiched assembly. This represents a weighted average of the emitted flux between the inactive (sides, supports, etc.) and active (VO 2 -coated surface) emission areas. The total emittance for heating exhibits an enhancement at ∼70°C (due to an ultra-thin-film interference effect described in Ref. [19, 23, 40] ), before an abrupt change as the VO 2 film becomes increasingly metallic over a ∼20°C window, resulting in decreasing emittance. The data in Fig. 1(b) correspond to a TCE of approximately 0.014 K −1 (averaged over the transition), which satisfies the criterion in Eq. (4). Figure 2 (a) shows the system time response before, during, and after the insulator-to-metal transition, as the input power is increased from 462 to 507 mW in steps of ∼15 mW (red points). At temperatures far below and far above the phase transition, the observed responses (blue curve) are characteristic of a first-order dynamic response. This response can be mathematically defined by a linear, first-order differential equation with a characteristic RC time constant τ , where the thermal resistance (R) is primarily due to radiation from the sample, and C is the heat capacitance of the sample [41] . A single, constant value of C captures the behavior across the phase transition because the thin VO 2 film accounts for a negligible fraction of the overall thermal capacitance. The same statement, however, cannot be made for R. While the VO 2 is in the insulator phase, a best-fit RC time constant of 4.44 min is determined. The time constant remains unchanged as the input power is stepped from 478 to 493 mW, until the emittance begins to decrease sharply at (2) . The radiative thermal resistance increases as the emittance decreases, leading to larger steady-state temperatures and time constants. After another increase in input power (from 493 to 507 mW), another time constant is observed, which is associated with the higher radiative thermal resistance of the system when the VO 2 is in the metallic state. Here, a time constant of 7.9 min is extracted by fitting data after the transition (from 493 to 507 mW). This represents a ∼59% longer time constant relative to the insulating phase, indicating the system dynamics are heavily influenced by emission from the VO 2 -coated areas.
Qualitative data from infrared imaging in the 3-5-µm range during the heating experiment confirm that NDE is the cause of the thermal runaway [ Fig. 2(b) ]. A series of six infrared images, correspond to six data points in Fig. 2(c) , show how the emissive power decreases as the temperature monotonically increases.
IV. HEAT TRANSFER MODEL
To describe the dynamics of the experiment, we use a lumped thermal capacitance model based on empirical data for temperature-dependent emittance [23] :
where C is the heat capacity of the system (extracted from the RC fit in the previous section), T ∞ is the ambient temperature, Q in is the input heat (measured), ε ia is the emittance of the non-VO 2 surfaces (the subscripts ia and VO 2 stand for inactive and active areas, respectively), and A is the area. The emittance of the inactive area is assumed to be unity since it is covered with thick Kapton tape [42] . The lumped thermal capacitance model assumes that the temperature of the VO 2 film is equal to the assembly temperature. The assumption is valid here because the radiative resistance between the emitter and the surroundings (∼0.15 m 2 K 1 W −1 , see Fig. 1 ) is much greater than the conductive resistance within the assembly (∼10 −4 m 2 K 1 W −1 , based on the thickness and thermal conductivity of the sapphire substrate). The results of this model agree with our experiments [ Fig. 3(a) ]. The model accurately predicts the time constants corresponding to the insulating and metallic phases of the device, as well as the steady-state temperatures. The total radiative heat loss of the system [ Fig. 3(b) ] highlights the nature of the NDE demonstrated in our experiment. Based on the optical properties of the system, a critical heat flux of ∼330 W m −2 (∼0.49 W of the input power) is determined. This is the maximum possible radiative heat flux that can be supported by a surface with NDE properties without triggering thermal runaway. When the CHF is surpassed, VO 2 transitions to its metallic state before equilibrium can be established. As described by Eq. (4), this heat flow comprises both the active (from surfaces covered with VO 2 ) and inactive (from sides, leads, etc.) components [inset of Fig. 3(b) ]. Heat loss through the inactive area attenuates the NDE phenomenon since these losses are not temperature dependent.
To investigate how quickly the emitter can switch given the optical properties of our thin-film VO 2 sample [ Figs. 3(c) and 3(d) ], we model an idealized thin-film assembly with a sapphire substrate thickness of 1 µm and no parasitic heat loss. This substrate thickness was chosen because it does not significantly affect the emittance properties [23] . At the CHF, the system is at equilibrium at 74°C in an insulating phase, shown as a horizontal purple blue line in Fig. 3(c) . An additional incremental flux is needed (e.g., 1% of CHF) to force the system to switch to its metallic state through the thermal runaway process. The total switching time in this case, defined as the time elapsed between the two equilibrium states, is approximately 10 s for a temperature rise of ∼35°C. The characteristic exponential time constant (τ switch ), equivalent to the RC time constant, is ∼1.5 s. A ∼5 s delay is observed before the NDE begins to trigger thermal runaway [ Fig. 3(d) ] which limits the overall switching speed. With higher "overpotentials", or percentages above the CHF (i.e., +5%), the delay becomes comparable to the characteristic switching time (∼1 s), improving the overall switching speed. Reducing the overall switching time below ∼1 s would require decreasing the RC time constant governed by the optical properties and thermal mass of the sapphire and metallicphase VO 2 system. Since the characteristic time constant is limited by the thermal resistance of far-field radiation, near-field radiative transfer may be a potential approach to reduce the switching time.
Understanding the switching dynamics associated with radiative thermal runaway can enable the design of advanced thermal diodes, calorimeters, passive temperature control, and infrared sensors. For example, sensors can benefit from this characteristic sensitivity to small incremental fluxes near the CHF to resolve small-power signals. Whereas a 1 nW change in heat input raises the temperature by ∼1°C of a 1 mm 2 isolated thin structure discussed above, a 1 nW additional flux near the CHF would trigger a thermal runaway and a much-larger change in temperature (∼35°C).
V. CONCLUSIONS
The concept of temperature-dependent emittance has a variety of applications, including passive temperature management [43] , infrared camouflage [44] , and remote sensing of small temperatures [45] [46] [47] . In this paper, we describe how the presence of sufficiently large negative-differential emittance can result in a thermal runaway process that can result in large temperature jumps in the emitter. We experimentally demonstrate this phenomenon using thermal emitters comprising phasetransition material vanadium dioxide (VO 2 ), and build corresponding models to better understand its dynamics. Though generally thermal runaway is associated with catastrophic-failure mechanisms, thermal runaway based on solid-solid phase transitions such as the one in VO 2 can be a robust and repeatable phenomenon, and can thus be a component of dynamic thermal radiative systems. 
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